INTRODUCTION
In my research on suspension rheology, I had often come across references to the work of a man with the memorable name of Vladimir Vand (apparently known as V 2 to his colleagues!). However it was quite a number of years before I found out -much to my surprisethat not only had he been employed by the same company as me, but that he had carried out his work on suspension rheology some 50 years previously in the very same laboratory in which I was myself working, but no one had mentioned it! As he was the first person in Unilever Research to be really interested in suspension rheology, I started delving into his career while he was here, and I found such an interesting story that I thought it worthwhile passing on to others.
VAND'S BACKGROUND
We know little about the detailed origins of Vladimir Vand, except that he was born on the 6 th of February 1911, and lived in Czechoslovakia. The first documentary evidence that can be found shows that he worked in the 1930s at the Spectroscopic Institute at Charles University in Prague. One of the first repressive measures taken by the Nazis when they occupied Czechoslovakia was aimed at Czech sciences. On November 17 th , 1939, the Charles University in Prague, like all other Czech institutions of higher education, was closed by force with a large number of students interned in a concentration camp or executed and their teachers persecuted. However, at that time Vand and a university colleague were working on an aircraft bomb-aimer, and Vand fled first to France by bicycle with details of his work, but as the war caught up with him again, he came to England (his friend made his way to Russia). Two of his papers relating to his earlier work in Prague were published quoting a London address in 1942. He worked with the War Office on his invention, but was then interned temporarily under the Enemy Aliens Act. However he was soon released to do war work in a steel works in the English Midlands and eventually came to Unilever Research (or as it was then the Research Laboratories, Lever Brothers and Unilever Limited) in Port Sunlight in about 1944 to set up a physics section in the newly built laboratory.
From his pre-war publications, it is clear that he was originally an atomic physicist, but there was little call for this in an industrial laboratory, so he turned his hand, as required, to the more useful new areas of X-ray crystallography and suspension rheology. In the former area, within a year or so of self-study, he had become quite an expert, and was constructing mechanical analogue computers to solve structures of various kinds of materials, including (of course) soap (sodium caprilate) using X-ray machines. During his time at Port Sunlight he published many scientific papers on X-ray analysis. He then took up an ICI fellowship and went to Glasgow University in 1950, and while there furthered his X-ray work. At that time he published one important paper with Francis Crick on the X-ray pattern from a helix-type molecule, the year before Crick and Watson published on the double helix for which they were later awarded the Nobel Prize. After three years at Glasgow Vand emigrated to the USA and worked at State College, Pennsylvania State University, in the X-ray and Crystal Analysis Laboratory, situated in the department of Physics, continuing his interest in X-ray crystallography, and in the late 1960s was publishing a Fortran program to solve X-ray scattering. He died while still working at Penn State on the fourth of April 1968.
The other subject that Vand picked up quickly while here in this laboratory was suspension rheology. Apparently interest in this subject arose because of problems encountered with detergent slurries and the continuous extrusion of Sunlight Soap, that had superseded the traditional casting process. As Vand was not happy with the existing theories for the viscosity of concentrated suspensions, he developed his own, and finding 'no accurate data available for concentrated suspensions' (his own words from a (1938 -1939 and 1944 -1946) . While in Vienna, Eirich, with others, had published a number of important papers on suspension viscosity. He also emigrated later to the USA (eventually becoming president of the Society of Rheology (1972 Rheology ( -1973 and winning that Society's coveted Bingham medal in 1983). He is still alive today at 95, and was able to answer some telephoned questions on Vand and his glass beads. He remembers being slightly annoyed at the time with this potential rival asking if he could borrow them! In order to explain the wall effects produced by using relatively large particles, Vand developed a theory based on a thin, particle-free lubricating layer at the viscometer wall which he calculated to be of the same magnitude as a particle radius a, as well as a calculation of what he thought would be the increase of concentration away from the walls of small tubes. His work only produced a few published papers in the area, and he did not work again on suspensions, but his publications are still quoted. Tom Lomer, a coworker who helped Vand with his viscosity measurements (and is acknowledged in Vand's experimental paper) went on later to become professor of Physics at Birmingham University, U.K.
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VAND'S FIRST SUSPENSION RHEOLOGY PAPER
Vand's first publication in the area was a letter to Nature in March 1945 [1] . He started from Einstein's equation (where φ is the volume concentration of particles at very low concentration), and imagined that a particle of volume dV was added to the suspension of viscosity, η, where the total particle volume was V and the liquid content A, so one could then write which could be rearranged to give which, on integration gives . This same equation was later re-derived separately by Brinkman [2] and Roscoe [3] in 1952 (with no reference to Vand's work) to describe the viscosity of wide-particle-size-distribution suspensions, and it gave a very good fit to data derived by Eilers [4] in 1941 on such a system.
Vand realised that there were limitations to his simple theory, especially that particle-particle physical interactions were not accounted for. This he sought to remedy by assuming that during a collision 'a certain volume of liquid [is] immobilised around the point of contact' when particles collide and roll over each other, giving a total immobilised volume qVφ, which when included gives .
He then stated that 'the constant q was calculated by an approximate method to be not far from unity for rigid spheres, and it is expected to be much less if the spheres are soft, as there will be less liquid immobilised around the point of contact'.
The problem then arose of how to test this theory against reliable data. He stated that 'as there are no accurate viscosity data available for concentrated suspensions of rigid spheres, measurements of Eirich and co-workers [5] extending only up to about 20%, measurements of suspensions of glass spheres were made to test the formula'. Vand managed to borrow Frederich Eirich's 65µm-radius glass spheres, and also prof-ited from his suggestions. He used a saturated solution of zinc iodide in a water/glycerol mixture as his continuos phase with a viscosity of 80 mPas at 20 o C.
Then, how was he to measure the viscosity? He followed the methods used previously by Eirich et al [5] . First, two Ostwald U-tube viscometers were used, with internal capillary radii of 1.15 and 1.9 mm respectively. Then a concentric-cylinder Couette apparatus was built with internal and external diameters of 12.64 and 36 mm respectively, giving a (large) gap of 23.36 mm (note that this gap is ten times that of the capillary radii). The original results obtained using these viscometers were not in agreement, but after correction for wall effects (with no explanation of what these corrections were, but see later), the results fitted his theory excellently up to about 37% by assuming a value of q of 1. 
VAND'S MAJOR PAPERS
The brief letter (of about one page length) to Nature was expanded by later expansive publications in the Journal of Physical and Colloid Chemistry [6] . In this later series of papers he developed his earlier work, first by presenting a formal and more rigorous mathematical derivation of an expression for suspension viscosity, η, and also giving details of the experimental determination of suspension viscosity and last showing how the results could be corrected for various artefacts due to the walls of the viscometers. The mathematical treatment is based on the hydrodynamics first presented by Einstein, but Vand ending with an Arrhenius-type equation which of course simplifies to the Einstein expression for small values of φ, where η is the continuous phase viscosity. This expression was then augmented to allow for the (simple) hydrodynamic interaction of particle flow fields, to give an expansion of the above as .
Vand then introduced a novel extra term which accounted for the fact that some spheres physically interact, as well as their surrounding flow fields interacting. He did this by assuming that on collision they stay together for a certain time, and for that time act as a composite, non-spherical particle with an extra effective phase volume of ~ 25% due to occluded immobile liquid, and with a small increase in the value of the Einstein pre-multiplier because the combined temporary particle has an aspect ratio of approximately two.
The end result of all the included factors is an expression for the relative viscosity to the first interaction term φ 2 -his theory was only valid to this term -giving the expression . Last, Vand introduced a wall-effect correction which results from the fact that any wall interferes with spatial disposition of the particles in that no sphere centre can be nearer the wall than one radius, a. These particles then interact with the wall in a special way. Vand He also introduced another correction imagining that the presence of the wall and the fact that particles centres could not go through the wall resulted in the particles being pushed out into the bulk of the suspension and simply increasing the bulk concentration. (We know now that this is over simplistic, and that the presence of the wall can be accommodated by the particles reordering themselves in the proximity of the wall, see Barnes [7] . The arrangement in flow tube is also sensitive to the shear rate gradient near the wall, see later.)
In order to test his theory, Vand carried out experiments in the same way as Eirich had done previously. As described in his earlier letter to Nature [1] , like Eirich he used capillary and Couette measurements, and even used Eirich's glass beads. The volume-average particle size was 65 µm, ranging from 50 to 80 µm, with a rather flat distribution between these limits. The continuous phase was approximately density-matched to the spheres, by making up a solution of zinc iodide (82%) in a mixture of water (12%) and glycerol (6%) to give to 2807 kg/m 3 . In these later papers, much more detail was also given with regard to the apparatus. The capillary viscometers used were Ostwald U-tube viscometers described in the relevant British Standards Institute pamphlet. They had internal radii of 1.15 and 1.9 mm respectively. The kinetic energy corrections for the flow were negligible due to the high viscosity of the continuous phase. The Couette viscometer used had a wide gap, with inner and outer radii of 6.25 and 18 mm respectively, with rotation speed ranging from 0.0344 to 8.75 rad/s, generated by a synchronous motor. However, the cylinders were very short at 25.8 mm. In this apparatus, suspensions up to 47% phase volume were found to be Newtonian, but above 40% phase volume, the viscosity depended on whether or not the suspension is stirred (using air bubbled through). Above 50%, major slippage occurs, and no measurements were recorded. As Vand noted, 'in order to measure viscosities above this concentration, either a much larger instrument or much smaller glass spheres would be necessary'.
The reported viscosities are tabulated, from which the value of equivalent particle-free lubricating layer D could be back calculated. A mean value for D of 70.4 ± 2.7 µm was obtained, ranging from 39.2 to 92 µm for different phase volumes and tube radii, this gives a value quite near the average particle radius of 65 µm. The equation derived by Vand described his results very well, but with the a quadratic term best-fit pre-multiplier of 7.17 instead of 7.349.
DISCUSSION
Vand made three novel contributions to the study of suspension rheology:
• First, a calculation of the particle interaction (i.e. φ 2 ) effect which for the first time included a particle-particle collision term • Second, an innovative description of suspension wall-effects based on an effective particle-free layer at the wall • Third, a comprehensive set of data extending experiments up to around 40% phase volume But did these ideas stand the test of time?
The most important review of the area of suspensions soon after that time was written by Roscoe in 1953, in a monograph entitled 'Flow properties of disperse systems' edited by J. J. Hermans of Leiden in the Netherlands [8] . He, as stated above, mentions Vand's work favourably, but he had doubts about the details of the theoretical work. In the same work, Sadron [9] rates Vand's experiments among 'the most precise', but makes no reference to his theoretical work. However, in terms of his work on wall effects, he notes that Vand's expression for suspension flow in a tube of diameter d, which shows a correction term of order a/d, is much more realistic that earlier work by Guth and Simha [10] which produced an unrealistic (a/d) 3 effect.
Thomas's influential, often-quoted compilation of relative viscosity versus phase volume marks the 'state of the art' up to the mid 1960s [11] . He too remarks about Vand's work that his analysis was an improvement on the previous analysis of Guth and Simha [10] (Vand's starting point) by his taking [transient] doublet formation into account, but Thomas also notes that his coefficient was increased by Manley and Mason [12] who showed that the period of doublet rotation was larger than assumed by Vand, resulting in a φ 2 pre-multiplier of 10.05 instead of 7.349. With regard to Vand's experimental values, Thomas shows that the relative viscosities are on the high side. They are among a collection of data that he suggested should be corrected because of a particle inertial contribution that would increase with particle size.
Did Vand overcorrect for the wall effect? As well as assuming that there is an effective lubricating layer at the wall, he also assumed that particles are displaced from this region, and added to the bulk, so that his final tabulation of corrected viscosity was as a function of corrected concentration. Typical corrections at higher concentrations are 42.75 to 45.65% and 46.8 to 50%, which are relatively large corrections. In reality, the local distribution near the wall is changed to a damped oscillatory function, see Barnes [7] . Later work has shown that both the rearrangement and depletion of particles near the wall are accommodated by assuming an effective particle-free layer of continuous phase near the wall. ' . He points out that the variation of shear stress is far more uniform in a concentric-cylinder situation than in tube flow, thus leading to a greater movement of particles due to the resulting shear-rate gradient away from the wall (see an extended discussion in Barnes [15] ).
If a simpler correction of Vand's original data is made, then the picture simplifies. First, we carry out a simple Mooney-type analysis of Vand's original uncorrected concentration versus viscosity data, extrapolating the capillary data -as viscosity at any concentration versus the inverse of the tube diameter -to zero. Then plotting these values against the uncorrected Couette data, we see good agreement (Fig. 1) . The reason for leaving the Couette data uncorrected is that as well as Whitmore's statement quoted above, we see that given the relative sizes of the spheres and the gap, and the concentrations used by Vand, we would not expect any need for a correction since the ratio of gap to particle diameter is nearly 100:1, see reference 15. The data is a reasonable fit to the well-known MaronPierce/Quemada/Kitano equation as shown in Fig. 1 . We should say that the usual accepted value of the maximum phase volume parameter for the simple suspensions we are discussing is higher at values around 0.68 for such large particles, see for instance Thomas's compilation [11] .
CONCLUSION
Vand was obviously a man who was clever enough to pick up quickly any area of science that he needed to, and within a short time, rise to world class in that subject. He was himself a
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Applied Rheology September/October 2000 small, slim, slightly reserved man, who was very enthusiastic about his work. He had a wide range of other scientific interests, and published on such diverse topics as the evolution of the universe, meteorites and the structure of the moon. Just like one of the meteorites that he was interested in, Vladimir Vand came and went, but left behind him a brilliant, luminous trail which has persisted in the night sky of Rheology until today. Had he continued his interest in rheology, we can only guess at the consequences. Certainly of all his published papers (over 50), his suspension viscosity papers [1, 6] are the most cited by far, with over 450 referrals in the last 25 years or so (Science Citation Index of the Institute for Scientific Information), which is nearly twice the number of his other famous paper published with Crick of later Nobel Prize fame [16] . Whenever suspension rheology is written about, Vand will continue to be quoted as the instigator of new ideas in the subject. Those few erstwhile colleagues of his who are still alive remember the brilliant applied mathematician and experimentalist, who became lost to Rheology, but was a great gain to Crystallography.
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